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Defect-free model of amorphous silicon with pristine electronic structure
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Amorphous silicon (a-Si) is understood to be a canonical continuous random network material, ideally defined
by fully fourfold coordination. Here, we show that a defect-free (“ideal”) model of a-Si from machine-learning-
driven molecular-dynamics simulations [Rosset et al., Nat. Commun. 16, 2360 (2025)], subsequently evaluated
with hybrid-level density-functional theory computations, can accurately reproduce the experimentally observed
electronic band gap. We compare this model with one resulting from the Wooten-Winer-Weaire bond-switching
approach and with other recent approximants to ideal a-Si. More broadly, our work provides a platform for
studies of band tails, optical properties, and transport in a-Si.
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Amorphous silicon (a-Si) has long been thought of as a
continuous random network (CRN) material [1], with fourfold
coordination (N = 4 for all atoms) but without long-range
structural order. The CRN model is an idealized picture that
approximates the experimental reality, in which coordina-
tion defects (N �= 4) are unavoidable [2], yet it is central
to our fundamental understanding of disordered networks.
Approaching the defect-free limit is relevant for precision
instruments such as LIGO gravitational-wave detectors that
rely on hydrogen-free a-Si for its low mechanical loss and
correspondingly significant reduction in thermal noise [3].

Computationally, the CRN is often approximated using the
Wooten-Winer-Weaire (WWW) bond-switching algorithm:
starting from a crystalline (c-) Si structure, second-neighbor
bonds are rearranged to change the network topology, while
constraining it to N = 4 throughout [4]. Other protocols do
not enforce fourfold coordination, such that almost all re-
ported defect-free a-Si models have been generated with the
WWW protocol [5].

Despite the existence of several defect-free structural
models, to the authors’ knowledge, none has succeeded in
demonstrating quantitative agreement with the experimental
band gap of a-Si, which varies between 1.5 and 1.8 eV, de-
pending on the preparation method [6]. This is often due to
localized states at tails of the valence- and conduction-band
edges, thus reducing the electronic gap. Previous studies have
focused on the effect of hydrogenation on cleaning up the
midgap states by saturating dangling bonds and reducing net-
work strain, thereby modifying the band tails and opening up
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the band gap [7–9]. An ideal, defect-free network would not
require hydrogenation, instead presenting a “clean” electronic
gap.

We recently created a large dataset of a-Si structures
from a series of melt-quench molecular-dynamics simulations
[10], driven by an efficient machine-learning-based inter-
atomic potential (MLIP) [11,12], systematically sampling the
configurational space of a-Si by varying the mass density
and quench rate. From this library of thousands of disor-
dered structures, we discovered a defect-free 216-atom model
quenched at a rate of 1010 K/s, denoted as Rosset-10 in the
following. We note that no coordination criterion was imposed
during the simulation, so the system was not constrained to be
defect free, unlike in the WWW protocol. The generation of a
defect-free a-Si network by melt quenching is therefore a rare
and stochastic event, and requires a large number of attempts,
which can be accelerated using MLIPs [10,13].

In this paper, we characterize the electronic structure of our
Rosset-10 structural model of a-Si, and show that it faithfully
reproduces the value of the electronic band gap from exper-
iment. We compare it to three existing high-quality models
of a-Si (Table I): (i) WWW-216, obtained from the WWW
protocol [4] paired with the Keating potential [18]. Its elec-
tronic structure has been characterized previously [15,19]; (ii)
Pedersen-Y, obtained from a set of density-functional theory
(DFT) annealing, relaxation, and rescaling procedures [16].
While this structure is not entirely defect free (Table I), it
agrees very well with various experimental measurements
of short- and medium-range structural order; (iii) Zongo-R2,
generated by the Activation Relaxation Technique nouveau
(ARTn), which moves the system along the potential-energy
surface by searching for first-order saddle points, coupled with
an MLIP [5]. It is the only other defect-free 216-atom model
that was not generated with the WWW protocol. We note that
Table I is not an exhaustive survey of simulation protocols
for a-Si: others exist, such as Monte Carlo [20] or hybrid
approaches [21–23].
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TABLE I. Summary of the relaxed a-Si models discussed in the present study, detailing the following: generation protocol; number of
atoms and percentage of fourfold coordinated ones; mass density; porosity; percentage of locally crystal-like environments by Polyhedral
Template Matching (PTM) and Common Neighbor Analysis (CNA); structural similarity to cubic diamond-type Si (c-Si) calculated using the
SOAP kernel [14]; and energy relative to c-Si as predicted by HSE06-level DFT computations.

No. of Fourfold Density Porosity PTM CNA SOAP �E
Sample Protocol atoms coord. (%) (g/cm3) (%) (%) (%) sim. (eV/at.)

WWW-216 [15] WWW bond switching [4] 216 100 2.304 0.31 0 7.9 0.895 0.196
Pedersen-Y [16] DFT relaxations 215 98.1 2.267 0.22 0 0 0.911 0.189
Zongo-R2 [5] ARTn runs [17] 216 100 2.256 0.24 0.5 19.9 0.919 0.160
Rosset-10 [10] Melt quench, 1010 K/s rate 216 100 2.223 0.28 0 0 0.910 0.138

We employed hybrid-level DFT computations, known to
reproduce the experimental band gap of c-Si [24,25], and
previously used for a-Si [26,27]. Computations were carried
out using a plane-wave energy cutoff of 540 eV and the
projector augmented-wave formalism [28], as implemented in
VASP [29,30]. To evaluate all models on an equal footing, we
first relaxed each model using the Heyd-Scuseria-Ernzerhof
(HSE06) functional [31,32] at the � point only. We then com-
puted electronic properties using a �-centered k-point grid
of 2 × 2 × 2 with the HSE06 functional. Further details are
available in the Supplemental Material [13] (which includes
Refs. [33–45]).

A common first criterion in validating a candidate amor-
phous structure is the predicted mass density. The density
of a-Si thin films is estimated around 2.28 g/cm3 from ion-
implanted samples [2,46,47]. The Pedersen-Y model is the
closest to this value, likely since volume scaling was in-
cluded in the generation protocol, but the other models fall
within 1%–3% of the experimental value. The porosity is esti-
mated using a fine three-dimensional (3D) mesh and counting
empty grid elements with a script developed in the context of
Ref. [48]. All models present low porosities, agreeing with
reports that pores in a-Si are deposition artifacts [49] and
should not occur in simulated quenched structures [50]. The
higher porosity of the WWW-216 model arises from m > 8
rings (Supplemental Material [13]).

To ascertain the CRN nature of the models, we probe
the existence of local ordering and compare three common
indicators, viz., Polyhedral Template Matching (PTM) [51],
Common Neighbor Analysis (CNA) [52–55], and the aver-
aged SOAP kernel similarity [14] to diamond-type (dia) Si,
where 1 is identical. CNA appears more sensitive than PTM,
indicating crystallinity in both the WWW-216 and Zongo-
R2 models, while PTM only detects ordering in the latter.
This crystallinity is consistent with reports of ordering in the
original study [5]. In SOAP terms, the Zongo-R2 model is
closest to dia, whereas WWW-216 is most dissimilar. Rosset-
10 shows no apparent crystallinity and an average SOAP
similarity to dia relative to the other models and the literature
[10,56]. Beyond global structural characteristics, the Supple-
mental Material includes metrics of short- and medium-range
order (Supplemental Material [13]).

The four models show large variations in their energies
relative to dia, as computed with HSE06. In particular, the
Rosset-10 model has the lowest energy among the four. We
have previously shown that paracrystalline models have lower
energies on average than fully disordered networks [10];

hence this lower energy could reflect crystalline ordering that
was not captured by PTM, CNA, or SOAP. Yet, the Rosset-10
model provides excellent agreement with the calorimetri-
cally determined enthalpy of crystallization of �H = 0.142 ±
0.003 eV/atom obtained from ion-implanted samples [57].
Importantly, this means that only the Rosset-10 model fulfills
the energy criterion set out in Ref. [58], that requires the
energy of a candidate ideal a-Si model to fall within the range
of 0.07 to 0.15 eV/atom above that of dia.

We now turn to the electronic densities of states (DOS),
plotted in Fig. 1(a). The shape of the DOS is well reproduced
throughout, with the 3s orbitals mainly contributing in the
−15 to −5 eV range, and the 3p orbitals between −5 and
0 eV [61]. The relative heights of the valence-band (VB) and
conduction-band (CB) maxima are similar and agree well with
previous literature [62,63]. All three defect-free structures
have clean band gaps free of midgap states, while the DOS of
the Pedersen-Y model does have such states, associated with
the aforementioned coordination defects (Table I).

Other important features of the DOS are the exponen-
tial tails at the VB and CB edges, known as Urbach tails
[64], which have been resolved experimentally [65]. These
tails have been linked to atomic filaments, whose electron
eigenstates form interconnected clusters of charge [63], and
also to topological filaments associated with bond stretching
and bending [19,66]. The WWW-216 and Zongo-R2 mod-
els show large tails at their CB and VB edges, respectively,
while the Rosset-10 model shows small and narrower VB and
CB tails.

We report the estimated values of the electronic band gap,
Egap, in Fig. 1(b), defined as the difference in energy between
the lowest occupied CB (LUMO) state and the highest oc-
cupied VB (HOMO) state. For the Pedersen-Y model, we
exclude the localized midgap states when defining the band
gap. There is a large variation in the estimated Egap values be-
tween models, directly reflecting the differences in the Urbach
tails. Previously reported values for a-Si in the computational
literature range between 0.8 and 1.35 eV [67,68]; the WWW-
216, Pedersen-Y, and Zongo-R2 models are consistent with
these. The Rosset-10 model has a substantially larger Egap,
which provides excellent and unprecedented agreement with
the experimentally reported range of optical band gaps of a-Si,
typically between 1.5 and 1.8 eV [6,13,69–71]. We note that
our results are obtained from computations with a 2 × 2 × 2
k-point grid, and that the estimated Egap varies with k sam-
pling and the associated dispersion in the supercell [72,73].
Identical calculations at the � point result in gaps that are
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FIG. 1. Electronic structure. (a) Electronic densities of states of the four structural model considered in this study, where a dashed vertical
line indicates the Fermi level (EF) defined as the middle of the gap and centered at 0 eV. Enlarged plots are available in the Supplemental
Material [13]. (b) Inverse Participation Ratio (IPR) plots in the region of the band gap for each model, as shaded in gray for the WWW-216
model. The IPR is evaluated for each band and k-point pair; the thick gray line overlays show the densities of states. The quoted Egap value refers
to the energy difference between the lowest occupied conduction-band (LUMO) state and the highest occupied valence-band (HOMO) state,
omitting the midgap states for the Pedersen-Y model. (c) Visualizations of the spatial localization of the highest IPR sites for each structure
using OVITO [59], where atoms are color coded by their IPR contribution to the VB, CB, or other as purple, yellow, or teal, respectively. The
atomic radii are scaled proportionally to the relative IPR magnitudes, normalized against the largest IPR contribution across all structural
models. A similar analysis of the WWW-216 model, albeit not at the hybrid DFT level, is carried out in Ref. [60].

systematically larger, by 0.02–0.12 eV, giving Egap = 1.71 eV
for Rosset-10.

To probe these variations in the electronic structure, we
focus on the spatial localization of states around the Fermi
level, EF, in Fig. 1(b), plotting the DOS together with inverse
participation ratio (IPR) values [74],

IPRnk = �a|cnka|4
(�a|cnka|2)2

,

where n is the band index, k is the k-point index, a is the
atomic orbital, and c is the wave-function coefficient, as
calculated with PYPROCAR [75,76]. The IPR measures how
localized or extended the electron states are [63,67]: low val-
ues (→ 0) correspond to delocalized or extended states that
are distributed across the structure, while high values (→ 1)
correspond to spatially localized states. However, it should
be noted that it is not possible to distinguish unambiguously
between delocalized and weakly localized states when the
localization length is comparable to the simulation-box size,

here ≈15 Å, and that size effects from the small model size of
216 atoms may affect the observed electronic properties.

The Pedersen-Y model has highly localized states adjacent
to the VB edge, arising from the dangling-bond defect. It also
displays some localization at the CB edge, associated with a
broader conduction-band tail. The WWW-216 and Zongo-R2
models reveal appreciable localization at the CB edge and the
VB edge, respectively. The Rosset-10 model exhibits no sig-
nificant electron localization, instead seemingly having fully
extended (delocalized) states throughout both the VB and CB
edges. It appears that the degree of localization around the
band gap is inversely correlated with the width of the gap:
the models with the smallest Egap values, i.e., WWW-216
and Pedersen-Y, show the most tail localization, while the
Rosset-10 model shows no localization and has the largest
band gap.

The width of the band gap and the degree of local-
ization are associated with the degree of structural disor-
der and the presence of coordination defects, respectively
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FIG. 2. Chemical bonding. (a) Scatter plots of integrated pairwise crystal orbital bond index (ICOBI(2)) values against bond lengths, where
gray shading shows the edges of the bond-length distributions. An inset highlights relevant c-Si modifications: cubic diamond-type (“dia”;
star), hexagonal diamond-type (“lon”; square) and the open-framework structure of Ref. [84] (“Si24”; triangle). (b) Structure visualizations of
the models using OVITO [59], where atoms are color coded by coordination (blue/white/red for three/four/fivefold coordination, respectively),
and bonds are color coded by ICOBI value.

[77]. To examine the spatial character of the localized states,
Fig. 1(c) shows the atomic regions contributing most strongly
to the IPR for states near the band edges, where the atomic
radii are scaled proportionally to the largest IPR contribu-
tion in the structure. The WWW-216 and Pedersen-Y models
exhibit localization on relatively small groups of atoms, ar-
ranged in compact clusters. This is consistent with the larger
IPR values observed for these models, as higher IPR indicates
stronger confinement of the electronic state to a small number
of sites [77]. By contrast, the Zongo-R2 and Rosset-10 models
show lower IPR values at the band edges and correspondingly
more spatially extended localization patterns, which appear
as interconnected chains within the network. This behavior is
consistent with earlier studies showing that band-tail states in
a-Si arise from chains of distorted bonds rather than isolated
pointlike defects [66,77–79]. In particular, mildly short bonds
contribute predominantly to VB tail states, while mildly long
bonds contribute predominantly to CB tail states, a trend that
is reproduced by the Pedersen-Y and Rosset-10 models, as
shown in the Supplemental Material [13].

We turn to the chemical bonding in these structures
to understand the large variation in Egap and the ex-
ceptionally extended states in the Rosset-10 model. In
Fig. 2(a), we plot the integrated crystal orbital bond in-
dex (ICOBI(2)), obtained with LOBSTER [13,80–82]. ICOBI(2)

quantifies the pairwise bond order, such that strong cova-
lent bonds have a value close to 1 [82]. Stretched bonds
in the WWW-216 and Pedersen-Y models result in lower
ICOBI values, but there are strong outliers in Pedersen-
Y falling beyond the exponential bond-length–bond-strength
relationship [83]. The distributions for the Zongo-R2 and

Rosset-10 models are qualitatively similar, but the bond-
length distribution of the latter is narrower, resulting in a
more compact scatter. For comparison, an inset shows ICOBI
values for crystalline allotropes of Si: cubic and hexagonal
diamond-type, and an open-framework structure [84].

To resolve the spatial character of bonding, we visualize
the structural models in Fig. 2(b), coloring bonds by their
ICOBI values. The low values in the Pedersen-Y model arise
from a three-membered ring formed by the overcoordinated
Si atoms (red). The three long bonds strain their local envi-
ronment into a larger cluster with disrupted bonding, in turn
leading to the localized states in the gap and in the band
tails. The bonds around the undercoordinated Si atom (blue)
also leads to local strain and higher ICOBI values. In the
WWW-216 model, some bonds with low ICOBI values belong
to four-membered rings, while others form linear chains, or
isolated stretched bonds. Conversely, the ICOBI values are
more uniformly distributed in the Zongo-R2 and Rosset-10
models, and the bonds with low ICOBI values do not cluster.

A model of a-Si with no localized states, a narrow
bond-angle distribution, and low excess energy with re-
spect to dia has been hypothesized to represent an ideal
a-Si network [67]. All three criteria are fulfilled with the
Rosset-10 model, as shown in Fig. 1, Fig. S2 [13], and
Table I. We further propose that an “ideal” a-Si model
must have a narrow distribution of bond lengths without
excessively short nor long bonds, a criterion that appears
necessary to achieve an absence of localized states at the
VB and CB band edges, respectively.

Looking forward, our model could serve as a platform
to further understand the effect of defects and dopants in
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a-Si [85], or to make accurate predictions of carrier mobility
[86]. These effects are of interest since a-Si is used in both
intrinsic and doped forms in solar-cell heterojunctions [87].
The model’s large band gap may be of interest in studying
the optical absorption of a-Si, relevant for LIGO applications
[3]. Our model could also be used in the future to investigate
why a-Si has a larger band gap than the indirect gap in dia,
in an analogous study to the one recently conducted on c-Si
in Ref. [88]. More broadly, this model of an ideal random
network opens avenues for the exploration of the electronic
structure of CRN-like disordered materials.
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